At present, an in situ synthesis of a conductive polyaniline (PANI) film via self-assembly is particularly of great interest in the supercapacitor field. Herein, we report the discovery a nanostructuring process for PANI electrochemical self-assembly through a forced convection method. It was observed that the morphology and structure of PANI films at the nanometer scale could be controlled by varying the rotation speed of the disk electrode during the electropolymerization process. On increasing the rotation speed from 0 rpm to 1000 rpm, the growth of PANI films successively changes from the nanorods composed porous films to the nanoparticles (diameter of 50 nm) composed dense films. We have also demonstrated the efficient electrochemical properties of the electrochemically assembled nano-PANI film-based electrodes at a rotation speed of 100 rpm, which showed the highest capacitance of 700.50 F g À1 at a current density of 1 A g À1 and good cycle stability after 1000 cycles.
Introduction
Conducting polymers have a wide range of applications in electronics, 1 optics, 2 and energy conversion/storage 3 because of their fascinating physical and chemical properties. Among the various conducting polymers, polyaniline (PANI) has been considered as an important conducting polymer due to its unique fast redox, acid-base doping/dedoping properties, high conductivity, excellent environmental stability, facile synthesis, and cost effectiveness. [4] [5] [6] [7] Moreover, it is believed that morphology is the decisive factor in controlling the practical properties of PANI because of its novel architectures. To optimize the synthesis conditions for the fabrication of PANI with special sizes and anticipative morphologies, existing electropolymerization of aniline monomers is widely employed. 8, 9 To date, different PANI morphologies have been fabricated by varying the synthetic route. In the electropolymerization approach, several synthetic routes, including the use of ionic liquid solvents, 10 template synthesis, [11] [12] [13] [14] [15] [16] [17] interfacial polymerization, 18 self-assembly, 19, 20 stepwise electrochemical deposition, [21] [22] [23] [24] [25] [26] centrifugal elds electrochemical deposition, [27] [28] [29] and rotation of the electrode electrochemical deposition, 30, 31 have been reported. Among these approaches, the effect of centrifugal eld electrochemical deposition method on the morphologies and the effect of ionic conductivity of the conducting polymers through a self-assembly process has been widely investigated. However, little attention has been paid to fabricating PANI with the special sizes and anticipative morphologies.
In a previous study, we have successfully prepared the PANI nanobers on ITO with a diameter of about 100 nm via a pulse galvanostatic method. 21 In this work, we have developed an electrochemical self-assembled technique through forced convection that is a facile and highly reproducible synthetic route capable of producing different nano-PANI lms with morphologies by changing the rotative speed of the disc electrode. In our study, the mechanism for the formation of nano-PANI lm, including the effect of the rotation speed of the disk electrode on the overall morphology, have been investigated in detail. The current work has been further extended to evaluate this nano-PANI lm as an efficient electroactive material for a model energy-storage device. The nanorods composed porous PANI lm-based electrode showed signicantly improved capacitance behavior with good chargedischarge cycle life.
Experimental

PANI lm preparation
A schematic of the rotating disk electrode (RDE) reactor used in this study is shown in Fig. 1 . The electrochemical self-assembly of PANI lms by forced convection was performed in a 1.0 M HNO 3 aqueous solution containing 0.2 M aniline through the galvanostatic current technique. To facilitate the in situ observation of the as-prepared PANI lm, a detachable stainless steel (SS) disk with a 6 mm diameter was selected as the anode. A graphite column with a diameter of 1 cm was used as the cathode. The RDE and the graphite column electrode were electrically connected with a potentiostat/galvanostat workstation via silver rotating rings and carbon brushes. The electrochemical assembly of PANI lms was carried out at a mean current density of 2 mA cm À2 for 500 s, and the morphology and structure of the PANI lms were controlled by varying the rotation speed of the RDE from 0 to 1000 rpm during the electrochemical assembly process. Aer electrochemical selfassembly, the RDE with the as-prepared PANI lm was taken out of the reaction solution, washed with deionized water, and then dried in air for further characterization.
Apparatus and measurements
The morphologies of the as-prepared PANI lm were characterized using a eld emission scanning electron microscope (FESEM, JEOL, JSM-6701F).
The mass of the deposited PANI lm was calculated by the Faraday's law shown in eqn (1), assuming the current efficiency is 100%.
where m is the mass of the deposited PANI lm, Q is the charge loading, M is molar mass of aniline monomer, F is Faraday constant, and z is the number of exchanged electrons, which is based on a reaction to form polyaniline, as shown in Scheme 1. 21 The electrochemical properties of the as-prepared PANI lms were evaluated by galvanostatic charge-discharge (GCD, CHI 1140A), cyclic voltammetry (CV, CHI 1140A), and electrochemical impedance spectroscopy (EIS, CHI 1140A) tests in 1 M HNO 3 aqueous solution. The tests were carried out in a three electrode cell with the working electrode being the as-prepared PANI-based SS RDE, whereas the counter and reference electrodes were a graphite column and a saturated calomel electrode, respectively. A saturated calomel electrode, connected by salt bridge in the electrochemical tests, was employed. All experiments were performed at room temperature.
Results and discussion
The morphological evolution of PANI at different rotation speeds
The PANI lms with different nanostructures were electrochemically prepared by altering the rotation speeds, and the corresponding morphologies are shown in Fig. 2 . The surface morphology of the PANI lm depended on the applied rotation speed. In general, as the rotation speed was increased, the surface morphology of the PANI changed from uniform porous nanorods to nanoparticles. PANI lm prepared at a rotation speed of 0 rpm ( Fig. 2a ), which is typical of galvanostatically deposited lms, has a highly porous and relatively uniform porous nanorods morphology. At a rotation speed of 100 rpm ( Fig. 2b ), the micromorphology of PANI was unchanged, whereas the diameter of the nanorods became smaller. At a rotation speed of 200 or 300 rpm ( Fig. 2c and d) , the microstructures of PANI changed from long ber-like character to bacillary at the surface of PANI-based SS RDE. As the rotation speed was further increased to 400 or 500 rpm ( Fig. 2e ), the microstructures of PANI grew to be a bulk at the surface and possessed a kind of coral morphology. Finally, at the rotation speeds of 600, 800, and 1000 rpm, a dense layer of nanoparticles with a 50 nm diameter were grown on the surface of the PANIbased SS RDE (seen in Fig. 2f -i).
From the low magnication FESEM images shown in Fig. 3 , it is further evident that the morphologies of PANI were inuenced by the rotation speed of the electrode. When the rotation speed of the electrode was less than 300 rpm ( Fig. 3a-d ), the deposited PANI lms commonly showed a three-dimensional (3D) network composed of interconnected brils with similar diameters. Note that when the rotation speed was 100 rpm, the distribution of the nanostructure was quite uniform rather than porous. Moreover, the space in the porous structure was of micro-and nano-meter size, which provided enough pathways for the movement of ions and solvent molecules within the PANI lms, thus improving the electrochemical properties of PANI (100 rpm) that will be discussed hereinaer. As the rotating speed increased to 400 or 500 rpm ( Fig. 3e and f), the PANI microstructures had a sparse morphology on the surface. Even at higher rotation speeds (600, 800, and 1000 rpm), some sparse particles can be observed on the surface of the deposited PANI lm ( Fig. 3g -i). Fig. 4 summarizes the transition from the porous nanorods morphology to micro-and nano-structured PANI on increasing the rotation speeds. The graphic in Fig. 4 can aid the researchers in tuning the surface morphology of PANI by selecting and applying an appropriate rotation speed. Three zones were identied: (I) porous zone, displaying the porous 
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The mechanism of PANI lm with unique structure at different rotation speeds A schematic for the electrochemical self-assembly is shown in Fig. 5 . As depicted in Fig. 4 , the morphology of the different electrode speed was divided into three zones. (I) The porous nanorods (diameter: 100-150 nm) morphology: when the rotation speed was below 300 rpm, porous nanorods were formed by oxidation and deposition at the electrode surface; however, when the rotation speed was 100 rpm, a unique and special morphology was demonstrated owing to the slight rotation, which is more conducive for the formation of small diameter nanorods and the uniform growth of a three dimensional porous network structure compared with the stationary electrode (0 rpm); such consistency in the structure promises proportionally enhanced electrochemical performance; as the electrode rotation speed increased to 200 or 300 rpm, the microstructures changed from a long ber-like character to bacillary due to the relatively strong stirring as the speed was increased. (II) Transition zone: as the rotation speed was further increased to 400 or 500 rpm, the morphology tended to randomly assemble, grew to a bulk on the surface, and had a kind of coral morphology; the reason for this morphology is that the shape of the coral was more favorable for the electrode with vigorous stirring. (III) PANI with nanoparticle structure zone: when high rotation speeds (600, 800, and 1000 rpm) were applied, a thick layer of nanostructure with 50 nm diameter nanoparticles densely grew on the surface of the lm; this structure was formed because a higher speed has a higher nucleation rate.
The electrochemical performance of the PANI lm obtained at different rotation speeds
Since the PANI lm possesses a large specic area and a porous structure, this may enable the electrochemical accessibility of the electrolyte through the PANI phase. To further understand the electrochemical activity of the as-prepared PANI lm for different rotation speeds, electrochemical measurements were carried out. The CV curves of the nano-PANI lm-based electrode grown at a current density of 2 mA cm À2 for 500 s (Fig. 6 ) revealed the electrochemical behavior of these electroactive lms relationship as a function of the applied rotation speeds. When the rotation speed of the electrode was less than 300 rpm (zone I), as shown in Fig. 6a-d , three pairs of redox peaks were observed (A/A 0 , B/B 0 , and C/C 0 ). The two pairs of peaks A/A 0 and C/C 0 are associated with the redox of PANI molecules from its semiconducting state (leucoemeraldine) to its conductive state (emeraldine), and emeraldine to its full oxidation state (pernigraniline), respectively. Moreover, the weak peaks B/B 0 are attributed to the formation of the head-to-tail dimer. 32 These voltammetric features agree very well with the FESEM observations of similar porous microstructures formed by the network of interconnected nanobrils in PANI lm. Note that the PANI lm prepared at a 100 rpm rotation speed exports larger currents than that prepared at 0, 200, and 300 rpm, especially at the peak potentials. This is an indication of faster kinetics in the polyaniline lm prepared at the rotation speed of 100 rpm, which can be attributed to enough pathways for the movement of ions and solvent molecules within the PANI lms, resulting in improved electrochemical properties. As the rotation speed was further increased to 400 and 600 rpm (zone II), as shown in Fig. 6e , there were two pairs of faradaic peaks, also relating to the protonation/deprotonation processes. In addition, the CV curves of the PANI lm obtained at zone II had a lower current compared to those obtained at zone I, which elaborated that the capacitive performance was not very good at moderate rotation speeds. As the rotation speed was further increased to 800 rpm (zone III), as shown in Fig. 6f , only a pair of redox peaks could be observed, and the redox peak current was smaller, which means that the PANI lm obtained at zone III (at high rotation speed) was not suitable as a capacitor. Based on the integral area of CV, the specic capacitance of PANI deposited at different speeds was obtained. The specic capacitance, C m (F g À1 ), one of the most important parameters for characterizing the electrochemical performance of capacitors, can be calculated from the area under the CV curves using the following formula: 33
where m is the mass of the active materials on the electrodes (g), n is the scan rate (mV s À1 ), V a is the anodic potential (V), V c is the cathodic potential (V), I is the response current density (A), and V is the potential (V). The curve for the mass of PANI with different rotating speeds is shown in Fig. 7a ; the mass of PANI decreased with the increasing rotational speed. Aer eliminating the effect of the mass of electrodeposited PANI on its electrochemical performance, we are convinced that the different electrochemical properties were caused by the different nanostructures of PANI. Fig. 7b shows the specic capacitance of the nano-PANI lmbased electrodes prepared at 10, 20, and 50 mV s À1 scan rates. The results demonstrate that the rotation speed has a signicant effect on the specic capacitance, whereas the effect of the scan rate on the specic capacitance is not signicant. Note that the nano-PANI lm prepared at a 100 rpm rotation speed exhibited the largest specic capacitance. Fig. 7c shows the specic capacitance of the nano-PANI lm-based electrodes at a scan rate of 10 mV s À1 . It can be observed that the specic capacitance increased from 889.14 F g À1 , for the electrode prepared at a rotation speed of zero, to a maximum value of 1056.80 F g À1 at a rotation speed of 100 rpm, and then decreased to 179.73 F g À1 at a rotation speed of 800 rpm.
The electrochemical performance of the as-prepared PANI lms (100 rpm)
Based on the results of the FESEM and CV studies, we consider the nano-PANI lm prepared at a rotation speed of 100 rpm as an optimal lm for capacitors applications. The EIS was analyzed by using Nyquist plots to investigate the redox processes, evaluate ionic and electronic conductivity, and specic capacitance of the PANI lm at the speed of 100 rpm; Fig. 8 is a typical Nyquist plot of the as-prepared nano-PANI electrode tested in the 1 M HNO 3 aqueous solution with a frequency loop from 100 kHz to 1 mHz using a perturbation amplitude of 5 mV. The equivalent series resistance (ESR) of the electrode was about 2.1 U, which can be obtained from the xintercept of the Nyquist plot. In the low frequency region, a line almost vertical to the real axis in the imaginary part of the impedance is attributed to the faradaic pseudocapacitance of the PANI-based electrode. This indicates that this PANI lm could be an ideal capacitor material. Furthermore, it exhibited a semicircle in the high frequency region, which is indicative of the charge transfer phenomena by a faradaic process. The numerical value of the semicircle diameter on the Z 0 axis is approximately equal to the charge transfer resistance (R ct ). In the intermediate frequency region, a 45 line is a characteristic of Warburg diffusion, which is attributed to the semi-innite diffusion of ions on the interface between the porous structure of the PANI lm deposited at 100 rpm and the electrolyte. These results further prove its excellent capacitance as an electrode material for a supercapacitor. Galvanostatic charge-discharge tests were then carried out to evaluate the capacitance of the nano-PANI lms (100 rpm) at various current densities using a potential window À0.1 to 0.7 V versus SCE. It is observed in Fig. 9 that the PANI lms showed typical capacitance characteristics. The specic capacitance can be calculated according to eqn (3): 34
where C m is specic capacitance (F g À1 ), I and t are chargedischarge current (A) and time (s), respectively, DV is 0.8 V in our study, and m is the mass of active material within the substrate electrode (g). From Fig. 9a , two voltage stages are observed in the range of À0.1 to 0.2 V and 0.2-0.7 V. The rst stage is ascribed to the combination of pure electric double layer and faradaic capacitances, whereas the second stage is associated with the pure electric double layer capacitance.
The discharge specic capacitances of the as-prepared PANI lms (100 rpm), as a function of different current densities, are shown in Fig. 9b . It was observed that the discharge specic capacitance for these PANI lms decrease with the increasing current density. Furthermore, the coulombic efficiency (charge capacitance/discharge capacitance) at different current densities is presented in Fig. 9b . It can be seen that the coulombic efficiency of the nanosized rod-like PANI lm was less than 90% at a current density of 1 A g À1 , whereas it was up to 97.7% at a current density of 10 A g À1 . This again proves its satisfactory performance as a supercapacitor electrode material in a fast charge-discharge situation. Fig. 7 (a) The mass of PANI with different rotating speeds. (b) Relationship of the specific capacitance of the PANI films prepared at different rotating speeds and the scan rate. (c) Plot of the specific capacitance of the as-prepared PANI films vs. the rotating speed (scan rate: 10 mV s À1 ). Fig. 8 The Nyquist plot of the as-prepared nanorod PANI film prepared at a rotating speed of 100 rpm in the frequency range between 100 kHz and 1 mHz. Inset: an enlarged curve in the medium to high frequency region.
The cycle stability of the as-prepared PANI lms (100 rpm) electrodes was examined at a large charge-discharge current density of 10 A g À1 , as shown in Fig. 9c . The porous nano-PANI lm prepared at a rotation speed of 100 rpm shows excellent cycle stability, with the discharge capacitance retained at 97.7% aer 1000 cycles. This result indicates that the as-prepared rod- like PANI lm at a 100 rpm speed has long-term cycle stability and could be used as electrode materials for supercapacitor working at a high charge-discharge current density.
To compare the electrochemical behaviors of the PANI lms tested in different electrolyte solutions (H 2 SO 4 and HNO 3 ), galvanostatic charge-discharge tests were carried out to evaluate the capacitance of nano-PANI lms (100 rpm) at various current densities using a potential window À0.1 to 0.7 V versus SCE in H 2 SO 4 aqueous solution, as shown in Fig. 10a . Moreover, there is no obvious difference between the test results in HNO 3 aqueous solution and H 2 SO 4 aqueous solution. Fig. 10b shows the discharge capacitance and coulombic efficiency tested in H 2 SO 4 aqueous solution at different current densities. It was observed that the discharge specic capacitance for these PANI lms decreased with the increasing current density, and the coulombic efficiency of the nanosized rod-like PANI lm was less than 91% at the current density of 1 A g À1 , whereas it was up to 97.5% at the current density of 10 A g À1 . Fig. 10c shows the discharge capacitance tested in electrolytes (H 2 SO 4 and HNO 3 ) at different current densities. From Fig. 10c , we can draw the conclusion that generally the discharge specic capacity of the HNO 3 aqueous solution is higher than that of the H 2 SO 4 aqueous solution. In addition, Fig. 11 can further illustrates the abovementioned conclusions that the PANI synthesized in HNO 3 aqueous solution has a nanober morphology; however, when prepared in the H 2 SO 4 aqueous solution, it changes to sheet morphology consisting of short rods. Compared with sheet-like morphology, the nano-ber morphology is more advantageous for the capacitance performance. This is in good agreement with the previously reported studies. 22, 26 
Conclusion
In summary, we report the discovery of a nanostructuring process for the electrochemical self-assembly of PANI using a forced convection method. It was observed that the morphology and structure of the PANI lms at the nanometer scale could be controlled by varying the rotation speed of the disk electrode during the electropolymerization process. As the rotation speed was increased from 0 to 1000 rpm, the growth of PANI lms successively changed from porous lms composed of PANI nanorods to a transition zone, where bacillary and coral microstructure PANI agglomerates and clusters (300 nm long and interval 200 nm) are formed on the surface of the lms, and nally to the dense lms composed of PANI nanoparticles (diameter of 50 nm).
We have also demonstrated that the nano-PANI lm-based electrodes, electrochemically assembled at a rotation speed of 100 rpm, exhibit the highest capacitance of 700.50 F g À1 at a current density of 1 A g À1 and good cycle stability aer 1000 cycles. The excellent electrochemical performances are attributed to their well-dened porous nanostructure, which increases the electrode/electrolyte contact area and enhance the electroactive regions.
Moreover, we believe that this electrochemical self-assembly through forced convection method could be a model synthesis route for the production of conducting polymer with controlled morphology for the supercapacitors in a facile way.
